Cochlear outer hair cells (OHCs) are involved in a mechanical feedback loop in which the fast somatic motility of OHCs is required for cochlear amplification. Alternatively, amplification is thought to arise from active hair bundle movements observed in non-mammalian hair cells. We measured the voltage-evoked hair bundle motions in the gerbil cochlea to determine if such movements are also present in mammalian OHCs. The OHCs displayed a large hair bundle movement that was not based on mechanotransducer channels but based on somatic motility. Significantly, bundle movements were able to generate radial motion of the tectorial membrane in situ. This result implies that the motility-associated hair bundle motion may be part of the cochlear amplifier.
Introduction
It is generally believed that mechanical amplification by hair cells is necessary to enhance the sensitivity and frequency selectivity of hearing. In the mammalian cochlea OHCs function as the key elements in a mechanical feedback loop. This loop most likely includes OHCs, the tectorial membrane (TM), and inner hair cells (IHCs) with IHCs responding to the output of the feedback loop [1, 2] . OHCs exhibit a voltage-dependent length change termed electromotility [3] [4] [5] . This somatic motility, when driven by the receptor potential in vivo, is thought to underlie cochlear amplification in mammals [1] [2] [3] [4] [5] [6] . The alternative view is that the amplification arises from active hair bundle motion [7] [8] [9] . Active hair-bundle movements ranging between 5 and 80 nm have been observed in several non-mammalian species and can occur spontaneously with amplitudes in excess of that expected for Brownian motion [10] [11] [12] [13] . Such movements have also been observed as reactions to hair bundle displacement with compliant probes [10, [14] [15] [16] [17] , and in response to changes in membrane po-tential [10, 11, 16, 18, 19] , the effects of which might be secondary to alteration of Ca 2 + influx [10, 16, 18] . The active hair bundle movements are intimately related to adaptation of the mechanotransducer channels [8, 16] . Up to date, however, the bundle motion has not been thoroughly examined in mammalian OHCs. In order to determine if hair bundle movements are also present in mammalian OHCs and how it might be involved in cochlear amplification, we evaluated voltage-evoked hair bundle activity in the cochlea of gerbils and prestin knockout mice [6] .
Materials and Methods
Gerbils ranging in age between 4 and 30 days after birth and prestin knockout mice ranging in age between 4 and 7 weeks after birth were used. After the cochlear wall was removed, the basilar membrane-organ complex of Corti was unwrapped from the modiolus from the basal turn all the way to the apical turn, in the same way as described elsewhere [19, 20] . The coil was digested in L-15 containing 0.06 mg/ml protease (type XXIV; Sigma, St.
Louis, MO). After the TM was lifted off to expose the hair bundles, the tissue was transferred to the experimental chamber. The coil was firmly attached to the bottom of the chamber by the weight of two thin platinum rods (0.5 mm in diameter), with one of their ends anchored in two small droplets of vacuum grease on the bottom of the chamber. The tissue was mounted with the hair bundle facing upward toward the water-immersion objective. Details for preparing gerbil hemicochlea are given elsewhere [21, 22] . The hemicochlea (or coil preparation) was bathed in L-15 medium in an experimental chamber mounted on the stage of an upright microscope (Leica DMLFSA) with Burleigh platform (Giblator). Quality control of hemicochleae and coils was based on the physical appearance of the preparation [21] [22] [23] . In either preparation, OHCs became swollen in less than 25 minutes after the organ of Corti was exposed to the extracellular medium. Therefore, all the data presented were collected within 20 minutes. Experiments were done at room temperature (22±2℃).
The coil preparation and the hemicochlea were both bathed in the L-15 medium (Invitrogen Corp.), which contained (in mM): 136 NaCl, 5.8 NaH2PO4, 5.4 KCl, 1.4 CaCl2, 0.9 MgCl2, 0.4 MgSO4, 10 HEPES-NaOH, at pH 7.4, and 300 mmol kg -1 . The pipette solution contained (in mM): 140 CsCl (or KCl), 0.1 CaCl2, 3.5 Mg-Cl2, 2.5 MgATP, 5 EGTA-KOH, 5 HEPES-KOH, at pH 7.4 and 300 mmol kg -1 . In some experiments, artificial endolymph (150 mM KCl, 25 μM CaCl2, 1 mM sodium pyruvate, 5 mM d-glucose, and 10 mM K2HPO4 at pH 7.35 and 300 mmol kg -1 ) was perfused to the ciliary area through a second pipette positioned approximately 20-30 μm away from the hair bundle. Pipette resistances were 3-4 MΩ. Recordings were made in whole-cell voltage-clamp mode, using an Axopatch 200B patch-clamp amplifier (Axon Instruments). Series resistance was 8-14 MΩ, and~75% of series resistance was compensated. The uncompensated voltage error was normally less than 4 mV at the largest voltage levels used since the membrane conductances were blocked. Currents were filtered at 1 kHz, and digitized at 5 kHz with a 16-bit A/ D converter (Digidata 1322A) and pClamp 9.0 software (Axon Instruments). The cells were held at -70 mV. To measure mechanotransducer currents in the coil preparation, a fluid-jet technique was used to deflect the hair bundle. The home-made fluid jet was under control by the Burleigh Driver/Amplifier (PZ-150M). Sinusoidal voltage commands (102 Hz) was used to drive the fluid-jet. The fluid-jet was positioned approximately 20-30 μm away from the stereocilia.
The preparation was obliquely illuminated by a 100-Watt lamp. The hair bundle was imaged using a 63x water-immersion objective and magnified by an additional 20x relay lens. The magnified image of the tip of the bundle was then split into two paths: one path projected onto the photodiode (Hamamatsu) through a slit and another projected onto a CCD camera so that the bundle could be viewed at all times on a television monitor. During measurements, the magnified image of the tip of the bundle was positioned near the edge of the slit. The output signal from the photodiode amplifier represented the motion of the tip of the hair bundle. The photodiode system had a cutoff (3-dB) frequency of 1,100 Hz. The signal was then amplified by a 60-dB fixed-gain dc-coupled amplifier. The amplified signal was then low-pass filtered (500 Hz) before being delivered to one of the A/D inputs of a Digidata (1322A, Axon Instruments) acquisition board in a Window-based PC. The measurement system was capable of measuring bundle tip motions down to~5 nm with 100 averages. Calibration of bundle motion was obtained by moving the slit a known amount (0.5 μm) using a piezo driver attached to the slit. TM motion and somatic motility were measured and calibrated in the same way as described for the bundle motion.
Results

Voltage-Evoked Hair-Bundle Motion
Sensory epithelia were dissected from the cochleae of adult gerbils and prestin knockout mice. The resulting coil preparation was bathed in artificial perilymph and mounted on the stage of a Leica upright microscope with a 63x water-immersion objective. The sensory epithelium was oriented with the hair bundles pointing up toward the objective. Under bright-field illumination at high magnification, the hair bundles behaved as light pipes [13] and appeared as bright V-shaped lines ( Fig. 1A) .
To measure bundle motion, the magnified (1,260x) image of the edge of the hair bundle was projected onto a photodiode through a rectangular slit. The photodiode-based system, mounted on the photo-port of the Leica microscope, had a 3-dB cutoff frequency of 1,100 Hz and was capable of measuring motion down to~5 nm with moderate averaging and low-pass filtering. Cells were selected if no obvious signs of deterioration in the soma and/or hair bundle were visible at high magnification. Before the voltage-evoked bundle motion was measured, we recorded mechanotransducer currents to verify that the mechanotransducer apparatus in the stereocilia was not damaged. Fig. 1B shows an example of such recording from an apical turn gerbil OHC. The hair bundle was deflected by a fluid jet (with pipette tip diameter of 10 µm) positioned 20-30 µm away from the bundle.
Transducer currents were recorded at the holding potential of -70 mV in the voltage-clamp mode. Large transducer current was observed (Fig. 1B) . The size of the current is comparable to previous studies in mammalian OHCs [21, 22, [24] [25] [26] . To determine bundle motions, sinusoidal voltage bursts (102 Hz) were applied to the OHCs through the patch electrode. The voltage command varied the membrane potential from -100 to -40 mV from a holding potential of -70 mV. Examples of the voltage-evoked hair bundle movements are shown in Fig.  1C . Bundle motion is asymmetrical with depolarization evoking larger bundle motions in the direction toward the tallest stereocilia (defined as positive bundle motion) than hyperpolarization does in the opposite direction (negative bundle motion). The direction of bundle motion during membrane potential change is consistent with that seen in turtle hair cells [8, 13] , but is of opposite polarity to that seen in bullfrog saccular hair cells [14, 15] .
Hair cells of several non-mammalian species display an active hair bundle motion in response to changes in membrane potential [8] [9] [10] [11] [12] [13] [14] [15] . The active motion, intimately associated with mechanotransducer channels, is secondary to alternation of calcium influx in the stereocilia and is, therefore, dependent on the extracellular calcium concentration [8] [9] [10] [11] [12] [13] [14] [15] . We sought to determine whether the bundle motion observed in OHCs also operates on a similar basis. Bundle motion was examined when the extracellular calcium concentration was altered. Fig. 1C shows an example when the extracellular calcium was reduced to 5 μM. Robust voltage-evoked bundle motion was still observed. We compared the bundle motion before and after the low-calcium medium was perfused to the ciliary bundle of 5 cells and no statistical significance was found. Streptomycin is known to block mechanotransducer channels [8] and eliminate active and spontaneous bundle motion [8, 13] . We perfused 100 μM streptomycin to the ciliary area to see whether it blocked the voltage-evoked bundle motion in OHCs. As shown in Fig.  1D , the bundle motion was not affected by streptomycin. Collectively, these results suggest that the observed bundle motion in OHCs is different from the voltage-evoked bundle motion seen in non-mammalian hair cells.
As an alternative to motility derived from mechanotransducer processes, it is possible that bundle motion arises as some consequence of somatic motility. To demonstrate that the observed hair bundle motion is associated with somatic motility, we examined the voltage-evoked bundle motion in neonatal gerbils. Studies have shown that the onset of OHC motility occurs around 6-8 days after birth [27] while mechanotransducer channels are known to be mature at birth [24, 26] . Voltage-evoked bundle motions of apical turn OHCs were measured from developing gerbils at 4, 8, and 12 days after birth (DAB). Fig. 2A shows some examples of the responses measured from those preparations. At 4 DAB when electromotility had not yet developed, no voltage-evoked bundle motion was detected (n=10), although large transducer currents could be measured (data not shown). At 8 DAB, we observed small bundle motion in 1 of 8 cells examined. At 12 DAB when all OHCs exhibit electromotility [27] , voltage-evoked bundle motion was detected in all 7 cells studied, with a magnitude of approximately 72% of that of the adult OHCs with the same voltage stimulation. The fact that neonatal OHCs do not have voltage-evoked hair bundle motion before the onset of motility and that the development of bundle movements correlates with the development of somatic motility suggests that bundle motion in response to membrane potential change is related to somatic motility.
OHC somatic motility is mediated by a voltage-sensitive membrane-bound motor protein, prestin [28] . To further demonstrate that hair bundle motion was related to the somatic motility of OHCs, we examined the volt-age-evoked bundle motion in prestin knockout mice [5] . Such measurements are also important to determine whether there is any small transducer channel-based bundle motion that is overshadowed by the dominant motility-associated bundle motion. These mice have normal morphology of the hair bundles and normal mechanotransducer functions [5] with no OHC somatic motility. We measured transducer currents first to confirm that their mechanotransducer channels are functional. Fig.  2B shows an example of the transducer current recorded from an apical turn OHC of the prestin knockout mouse. As shown, large transducer current was observed. We measured the voltage-evoked bundle motion from the prestin-null OHCs. No voltage-evoked bundle motion was observed in any of the 11 cells examined (Fig. 2C) . In contrast, when the voltage-evoked bundle motion was measured from OHCs of wild-type mice, large bundle motions were seen for all cells examined (data not shown). In order to rule out that the lack of bundle motion in the prestin-null OHCs was not due to perilymph solution bathing the stereocilia, we measured the voltage-evoked bundle motion with the ciliary area perfused with endolymph-like solution to mimic the in vivo chemical condition in 5 additional prestin-null OHCs. No voltage-evoked bundle motions were observed in any of the 5 cells examined. This confirms that the voltage-evoked bundle motion is indeed associated with somatic motility. We examined bundle motion as a function of membrane potential (input-output function). Fig. 2D shows an example of the response measured from an apical turn gerbil OHC when the membrane potential was stepped from the holding potential of -70 mV. The responses were asymmetrical and nonlinear with saturation in both directions, similar to that seen in OHC somatic motility [27] . We fitted the response with a second-order Boltzmann function, and the maximum sensitivity calculated from the derivative of this function was~4.8 nm/mV (Fig.  2D) . The maximum peak-to-peak response observed in the example was 567 nm. The largest peak-to-peak response observed among 6 cells examined was 832 nm. We also examined the frequency response of the volt- The series resistance was 75% compensated. Because membrane conductances were blocked, the uncompensated voltage error (not corrected in the plot) was less than 4 mV at the largest voltage levels. E. Motility-associated bundle motions evoked by a series of voltage bursts with different frequencies (frequency is shown on the top of the response waveforms). The peak-to-peak response was measured and plotted as a function of frequency in the bottom panel.
age-evoked bundle motion between 50 and 1,000 Hz using sinusoidal voltage bursts. An example is shown in Fig. 2E . Apparently, large bundle motions were still present at 1,000 Hz. The frequency response of the bundle motion was similar to that of OHC somatic motility measured under whole-cell voltage-clamp condition [29] [30] .
Radial Motion of the Tectorial Membrane
The TM is an important element of the mechanical feedback loop and its role in mechanoelectrical transduction, frequency tuning, and cochlear amplification has been demonstrated [31] [32] [33] . The most direct path for OHC bundle motion to influence input to IHCs is through TM. We questioned whether hair bundle motion could generate a radial TM motion. For this purpose, the gerbil hemicochlea [23] was used to examine TM radial motion driven by OHC bundle motion. Hemicochleae (Fig. 3A) were prepared from 25 to 30 day old gerbils. Whole-cell recordings were made from the upper basal turn where OHC mechanotransducer currents were previously recorded [21] . The cells were current-clamped to a level that would result in a membrane potential of approximately -70 mV. Current (100 Hz sinusoid, 100 to 300 μA) bursts generated by a modified battery-powered stimulator (Isostim A320, WPI) created a diverging electrical field between the stimulating pipette (tip diameter of 4 m) positioned 50-60μm away from the OHCs and the indifferent earth in the bath. This focal electrical stimulation depolarizes and hyperpolarizes OHCs near the electrode. Fig. 3C shows an example of simultaneous recordings of radial motion of the TM and the membrane-voltage response of an OHC. As shown, the focal electrical stimuli resulted in a net membrane potential change of 18 mV (peak-to-peak) and produced a radial TM motion of~10 nm (peak-to-peak). Depolarization (hyperpolarization) resulted in TM motion toward the spiral ligament (modiolus). While the voltage response of the OHC was nearly symmetrical, TM motion was asymmetrical, with both ac and dc components. This asymmetry resembles that of the bundle motion considered above and may originate from the asymmetry of OHC somatic motility. To confirm that the TM motion was the result of bundle motion, we measured TM motion in preparations where the TM was detached from the hair bundles of OHCs. As expected, no TM motion was detected (Fig. 3D ) in any of 15 preparations examined. We also observed radial TM motion of when 100 mV sinusoidal voltage (peak-to-peak) was applied to one OHC under the whole-cell voltage-clamp condition (data not shown). This again confirms that the TM motion was the result of bundle motion.
Discussion
This work demonstrates significant ciliary rotation evoked by OHC electromotility. Yet, in the absence of electromotility, ciliary rotation, presumably related to the mechanotransducer channels, is below the resolution limit of our system. The motility-associated bundle motion is large (over 800 nm), approximately ten times (20 dB) larger than the transducer-channel based bundle motions observed in non-mammalian hair cells [8, 12, 13] . Voltage-evoked bundle motion of IHCs was reported in a recent study using a two-chamber preparation [18] . While stated otherwise, the possibility that such motion may have been mediated by OHC motility can not be completely ruled out. The motility-associated response possibly overshadows transducer channel-based mechanisms in OHCs.
It is not fully established how OHC length changes result in bundle motion. However, tilting of the cuticular plate during motility has been said to occur at high frequencies (up to 15 kHz) in coil preparations [34] . Rotation of the reticular lamina as a result of OHC motility was also seen in situ [35] . It is, therefore, likely that rotation of the reticular lamina along its fulcrum at the pillar heads and possibly tilting of the cuticular plate within the reticular lamina during OHC length change that can produce bundle motions.
OHC somatic motility has been proposed to be responsible for cochlear amplification in mammals. These theories, which assume that force generated by OHC somatic motility amplifies the motion of the basilar membraneorgan of Corti complex, are supported by several observations. Among these are the demonstration of somatic motility upon ciliary deflection [36] , electromotility-driven movements of the reticular lamina and basilarmembrane insitu [34, 35] , and experiments using prestin-knockout mice [5] . However, it is yet to be fully determined how active somatic movements of OHCs excite IHCs. Obviously, coupling OHC motility to basilar membrane and reticular lamina movements in an appropriate phase would boost their displacements. In addition, the bundle motion associated with OHC somatic motility provides another possibility for OHC motility to boost the input to IHCs. Because movement of the bundle is able to produce radial motion of the TM, this motion could amplify mechanical input to the IHC by increasing fluid motion in the TM-reticular lamina gap. It is such fluid flow that stimulates the freestanding IHC cilia [37] . It is conceivable that fluid-pumping by Hensen's stripe (see Fig. 3B ) onto the closely apposed IHC cilia is the excitatory mechanism. The'V'or'W'shaped staircase structure of the OHC stereocilia is well suited for promoting mechanical coupling between the tectorial membrane and reticular lamina, which can transfer the motility-driven hair bundle motion into the radial motion of the tectorial membrane. It is, therefore, conceivable that the motility-associated hair bundle motion may be part of cochlear amplification in mammals. Under this scheme, OHC somatic motility not only boosts basilar membrane vibration but also drives the hair bundle motion, which is able to produce the radial motion of TM. In addition, OHC hair bundle can also produce force due to the transducer channel-based mechanisms [19] . This will further enhance the radial motion of the TM. Since the bundle and TM motions are both associated with somatic motility of OHCs, this scheme is in line with studies using prestin-knockout mice [5] , which support motility-based amplification as the dominant mechanism in the mammalian cochlea. The principal argument against somatic motility as the amplifier is that the low-pass filter characteristics of OHC membrane attenuate receptor potentials at high frequencies. Therefore, the receptor potentials would be too small to drive somatic motility and the bundle motion [5] . However, it has been proposed that extracellular potential changes within the organ of Corti could drive OHC motility at high frequencies [38] . These extracellular potentials are not filtered by the membrane. Recent measurements of basilar membrane vibration and extracellular potentials in the guinea pig cochlea at high frequencies provide evidence that those extracellular potentials can indeed drive OHC motors at high frequencies [39] . Furthermore, theoretical modeling also indicates that the piezoelectric property of OHCs can significantly increase the frequency response of OHCs [40] .
In summary, we demonstrate that mammalian OHCs display a large hair-bundle motion that is dependent on OHC somatic motility. Such bundle motion may boost the mechanical input to the IHC stereocilia through the radial motion of the TM. While the forward-transduction-based hair-bundle motion may underlie the cochlear amplification in non-mammals, mammals have evolved OHC somatic motility to boost basilar membrane vibration as well as drive the bundle motion, thereby providing mechanical amplification of low-level signals in the mammalian inner ear.
